The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is considered the most serious insect pest of maize, Zea mays L., in the United States and Canada, with losses estimated at one billion dollars annually (Metcalf 1986 ). The history, biology, and ecology of D. v. virgifera that lays eggs primarily in maize has been widely reviewed by Chiang (1973) , Krysan and Miller (1986) , Levine and Oloumi-Sadeghi (1991) , and Vidal et al. (2005) .
Diabrotica v. virgifera females have a mean fecundity of Ͼ1,000 eggs, depositing a mean of 13 clutches of 79.7 eggs at intervals of Ϸ5 d (Hill 1975) . Hill (1975) reported a mean preoviposition period of 12Ð23 d and a mean oviposition period of 74 Ð 82 d at a mean temperature near 23ЊC. In laboratory studies based on a small sample size, Branson and Johnson (1973) indicated that D. v. virgifera had a mean oviposition period of 14.3 d, mean longevity of 94.8 d, and a mean fecundity of 1,023 eggs per female (10.4 eggs/female/d). D. v. virgifera egg laying usually occurs during early to mid-August and continues intermittently until frost as long as temperatures are Ͼ10ЊC. Oviposition has traditionally taken place almost exclusively in maize from July through mid-September (Shaw et al. 1978, Levine and Oloumi-Sadeghi 1991) . Female D. v. virgifera have an approximately four-fold greater egg-laying ability than that of northern corn rootworms, Diabrotica barberi Smith and Lawrence (Naranjo and Sawyer 1987) . This great difference in egg-laying potential may account for the displacement of the D. barberi by D. v. virgifera in many parts of the United States, where their ranges overlap (Naranjo and Sawyer 1987, Levine and Oloumi-Sadeghi 1991) . Most D. v. virgifera normally mate only once (Cates 1968 , Hill 1975 , Branson et al. 1977 .
Egg sampling programs for corn rootworms have been used in an effort to predict economically damaging densities of corn rootworm larvae (Lawson 1968 , Foster et al. 1979 , Apple et al. 1977 ; however, these methods are too labor intensive and time-consuming for producers or crop consultants (Foster et al. 1979) . In contrast to absolute sampling methods (Hein and Tollefson 1985) , relative egg sampling techniques have been used most often for corn rootworms (Gunderson 1964 , Howe and Shaw 1972 , Foster et al. 1979 .
The seasonal oviposition patterns of female adult D. v. virgifera in maize have been studied under both laboratory and Þeld conditions. Investigators in laboratory studies determined that, after the preoviposi-tion period (Branson and Johnson 1973) , oviposition began at an intense level, peaked after 10 Ð15 d, and slowly declined. Using Þeld-collected (continuous maize) D. v. virgifera mating pairs under laboratory conditions, Hill (1975) found that 24% of total D. v. virgifera oviposition occurred by 25 August, 57% by 10 September, and 90% by 10 October. However, Þeld research conducted in continuous maize in Iowa (Hein and Tollefson 1985) revealed that D. barberi and D. v. virgifera oviposition was 50% complete by 19 August and 90% complete by 6 September.
For Ͼ90 yr, crop rotation has been recommended to control D. v. virgifera (Gillette 1912) . A maize and soybean rotation disrupts the corn rootworm life cycle because eggs are not normally laid outside of maize and larvae cannot survive on soybean roots. The rotation of maize and soybean is common in the Corn Belt, particularly in states east of the Mississippi River. By 1995, the intensity of rootworm larval damage to maize planted after soybean had become severe in east central Illinois and northwestern Indiana. At the start of the 1996 growing season, entomologists in Illinois and Indiana began to suspect that the long-standing cultural pest management strategy of crop rotation had selected for a D. v. virgifera variant that could circumvent crop rotation by laying eggs in the soil of soybean Þelds (Levine and Gray 1996, Levine et al. 2002) .
The reason attributed to the failure of crop rotation was a shift in the ovipositional behavior of D. v. virgifera (Levine and Oloumi-Sadeghi 1991) . With the advent of the D. v. virgifera variant that is able to lay eggs in crops other than maize (Levine 1995 , Levine and Oloumi-Sadeghi 1996 , Sammons et al. 1997 , Rondon and Gray 2004 , the use of soil insecticides has increased (Fuller et al. 1997, Gianessi and Silvers 2000) . The asynchrony between maize and soybean development also may be contributing to D. v. virgifera oviposition in soybean Þelds. Because of early maize planting, developmental differences in adjacent maize and soybean Þelds may cause D. v. virgifera females to abandon maize for less mature soybean Þelds (OÕNeal et al. 2002) . Gray (2003, 2004) indicated that female D. v. virgifera are not attracted to a speciÞc crop as an egg-laying site and that females oviposit in maize, soybean, alfalfa, and oat stubble.
No large-scale (on-farm) attempts have been made to quantify the seasonal variant adult D. v. virgifera densities and subsequent egg densities in adjacent maize and soybean Þelds. We present the results of large-scale Þeld experiments conducted on producersÕ farms that were designed to characterize the distribution of variant D. v. virgifera eggs in maize and soybean Þelds. The speciÞc objectives of this research were (1) to measure cumulative egg densities of D. v. virgifera on a weekly basis in commercial (producersÕ Þelds) maize and soybean Þelds over several growing seasons (1999 through 2001) and (2) to compare densities of D. v. virgifera eggs at the 0.0-to 10-, 10-to 20-, and 0.0-to 20-cm depths in commercial maize and soybean Þelds in east central Illinois.
Materials and Methods
Experimental Design. Three different on-farm sites in Iroquois County, IL, each containing a commercial production maize and soybean Þeld, were monitored for the seasonal oviposition of D. v. virgifera. At each site, there were adjacent 16.2 ha of maize and soybean. Growers maintained all Þelds by using farming practices that were standard for commercial production. Maize and soybean varieties and planting dates are shown in Table 1 . Commercial production Þelds were rotated on a yearly basis (maize to soybean and soybean to maize).
Soil Samples. From 1999 through 2001, 20 quadrats were established in each maize and soybean Þeld to allow for systematic sampling. The 4- (Chiang et al. 1969 ) and 10-cm (Hein et al. 1988 ) golf course cup Hein et al. (1988) . In our experiment, we used a 10-cm-diameter combination soil auger (Edelman auger; Ben Meadows Co., Janesville, WI) instead of the 10-cm golf course cup cutter. The combination soil auger was used because of the various soil conditions experienced during the growing season and relative ease of use. Although the combination soil auger was used in this experiment, the sampling protocol for the golf course cup cutter was followed.
In 1999 through 2001, we sampled for D. v. virgifera eggs from 6 July through 14 September on a weekly basis, resulting in an 11-wk sampling period. On each sampling date, a site within each of the 20 quadrats was randomly sampled. Two soil samples, one taken to a depth of 0 Ð10 cm and one from 10 Ð20 cm, were taken on each side of the row and two near the plant base within each quadrat. Soil was taken from each depth and placed in individual buckets, thoroughly mixed, and one 0.47-liter subsample was taken. This procedure resulted in two 0.47-liter soil subsamples, one 0.0-to 10-cm subsample and one 10-to 20-cm subsample, in each quadrat. All subsamples were bagged, labeled, and stored at 0ЊC until examination. Soil was washed, and eggs were removed using procedures described by Shaw et al. (1976) . A stereodissecting microscope (Leica model MZ8 10 Ð21 X) was used to identify corn rootworm eggs. Subsequently, corn rootworm species were identiÞed, separated, and counted by mounting the eggs on slides and using a compound microscope (model 157 WF 10X DIN/18 by 10) as described by Atyeo et al. (1964) .
Data Analysis. Egg sampling data were analyzed with SAS (SAS Institute 2000). The ProcMixed procedure was used to construct an analysis of variance (ANOVA) for D. v. virgifera egg densities as measured with soil samples from 1999 through 2001. The number of D. v. virgifera eggs was transformed using the formula log(x ϩ 1) to stabilize the variances. The ANOVA was performed on egg densities for maize and soybean by year. The mean number of eggs per sample period for D. v. virgifera egg densities at the 0.0-to 10-, 10-to 20-, and 0.0-to 20.0-cm soil depth was determined. A least signiÞcance difference test (LSD, P Ͻ 0.05) was used to compare cumulative D. v. virgifera egg densities for maize and soybean at the 0.0-to 10-, 10-to 20-, and 0.0-to 20-cm depths. Postharvest egg densities, the numbers and percentages of eggs laid in the top 10 cm of soil, and estimates of cumulative oviposition were calculated for both maize and soybean Þelds in each season. Seasonal oviposition patterns of D. v. virgifera were determined by expressing the mean egg population for maize and soybean on each sampling period as a percentage of the Þnal egg density (postharvest egg densities). As a result of the sampling error involved, some egg density estimates were greater than the Þnal egg density. A probit analysis was used to estimate cumulative oviposition for D. v. virgifera females in maize and soybean for each year of the study. Table 2 . SigniÞcantly more eggs were collected per day in soybean than in maize (Table 2) . SigniÞcantly more D. v. virgifera eggs per day were collected at both the 0.0-to 10-and 10-to 20-cm depths in soybean than at respective depths in maize (Table 2) .
Results

Overall Egg Density in
In 2000, the ANOVA revealed no signiÞcant effect of crop (F ϭ 0.23; df ϭ 1,2; P Ͻ 0.6327) and crop ϫ week (F ϭ 1.92; df ϭ 10,42; P Ͻ 0.0693); however, a signiÞcant effect of week (F ϭ 76.25; df ϭ 10,42; P Ͻ 0.0001) on egg densities of D. v. virgifera adults was detected. There was no signiÞcant difference in D. v. virgifera eggs collected per day in soybean and in maize (Table 2 ). There also was no signiÞcant difference in D. v. virgifera eggs per day collected at the 0.0-to 10-and 10-to 20-cm depths in soybean and at respective depths in maize (Table 2) .
In 2001, the ANOVA revealed a signiÞcant effect of crop (F ϭ 31.53; df ϭ 1,2; P Ͻ 0.0001), week (F ϭ 95.62; df ϭ 10,42; P Ͻ 0.0001), and crop ϫ week (F ϭ 4.95; df ϭ 10,42; P Ͻ 0.0001) on D. v. virgifera egg densities. SigniÞcantly more D. v. virgifera eggs were collected in soybean than in maize ( Table 2) . As in 1999, signiÞcantly more D. v. virgifera eggs per day were col- b The numbers of D. v. virgifera eggs were transformed using the formula log(x ϩ 1) to stabilize the variances.
lected at the 0.0-to 10-and 10-to 20-cm depths in soybean than at respective depths in maize (Table 2) .
Egg Densities by Sampling Period, 1999. In 1999, we collected D. v. virgifera eggs in maize for the Þrst time during the 20 July sampling period and in soybean on 27 July (Table 3 ). The R2 development stage (brown silk, full size cob, and blister stage) of maize occurred on 10 August. Weekly densities of eggs in maize at the 10-to 20-cm depth peaked during the 17 August sampling period (Table 3) . Densities of eggs in maize at the 0.0-to 10-cm depth peaked the sampling week of 7 September (Table 3) . Peak densities of eggs in soybean at the 0.0-to 10-cm depth also were observed on 7 September (Table 3) . Peak egg densities for soybean at the 10-to 20-cm depth occurred during the week of 14 September (Table 3) . Postharvest soil sampling data revealed Þnal D. v. virgifera egg densities in maize (3.47 ϫ 10 7 eggs/ha) and soybeans (5.77 ϫ 10 7 eggs/ ha; Table 7 ). These data suggest that D. v. virgifera eggs were abundant in both maize and soybean. In 1999, 64.2% of the D. v. virgifera eggs were laid in the top 10 cm of maize soil and 61.3% of the eggs were laid in the top 10 cm of soybean soil.
Egg Densities by Sampling Period, 2000. In 2000, we collected D. v. virgifera eggs in maize and soybean on 20 July (Table 4 ). The R2 development stage of maize occurred on 3 August. Peak densities of eggs in soybean at the 0.0-to 10-cm depth were observed on 24 August (Table 5 ). Densities of eggs at the 10-to 20-cm depth in maize and soybean peaked during the 24 August sampling period (Table 5 ). Densities of eggs in maize at the 0.0-to 10-cm depth peaked the sampling week of 7 September (Table 5) . Unlike 1999, these data suggest D. v. virgifera egg densities were not signiÞcantly different in commercial maize and soybean at both the 0.0-to 10-and 10-to 20-cm depths. Postharvest soil sampling data revealed greater D. v. virgifera egg densities in soybeans (7.52 ϫ 10 7 eggs/ ha) than in maize (5.52 ϫ 10 7 eggs/ha; Table 4 ). In 2000, 64.3% of the D. v. virgifera eggs were laid in the top 10 cm of soil in maize and 60.9% were laid in the top 10 cm of soil in soybean.
Egg Densities by Sampling Period, 2001. In 2001, we collected D. v. virgifera eggs in maize and soybean on 27 July, Ϸ1 wk later than in 2000 (Table 5 ). The R2 development stage of maize occurred on 27 July. Peak densities of eggs in soybean at the 0.0-to 10-cm depth were observed on 31 August (Table 6 ). Densities of eggs in maize and soybean at the 10-to 20-cm depth peaked during the 31 August sampling period (Table 6 ). Densities of eggs in maize at the 0.0-to 10-cm depth peaked the sampling week of 7 September (Table 5) . As in 1999, these data suggest that D. v. virgifera eggs were abundant in both maize and soybean; however, signiÞcantly more D. v. virgifera eggs were laid in soybean at the 0.0-to 10-and 10-to 20-cm depths than at respective depths in maize. Postharvest soil sampling data revealed greater numbers of D. v. virgifera eggs in soybeans (8.52 ϫ 10 7 eggs/ha) than in maize (3.93 ϫ 10 7 eggs/ha; Table 4 ). In 2001, 62.8% of the D. v. virgifera eggs were laid in the top 10 cm of soil in maize and 59.6% were laid in the top 10 cm of soil in soybean.
Cumulative D. v. virgifera Oviposition 1999. In 1999, results from our experiment indicated that oviposition was Ϸ10% complete by 17 July in maize and by 25 July in soybean Þelds (Table 7) . The R2 stage of development occurred in growersÕ maize on 10 August. Oviposition was Ϸ50% complete by 28 July in maize and by 31 July in soybean Þelds (Table 7) . Oviposition was Ϸ90% complete by 9 August in maize and by 15 August in soybean Þelds (Table 7) .
Cumulative D. v. virgifera Oviposition 2000. In 2000, oviposition was Ϸ10% complete by 14 July in maize and by 20 July in soybean Þelds (Table 7) . Oviposition was Ϸ50% complete by 28 July in maize and by 30 July in soybean Þelds (Table 7 ). These D. v. virgifera egg densities (eggs/liter) at the 0.0-to 10-, 10-to 20-, and 0.0-to 20-cm (Table 7) . The R2 stage of development occurred in growersÕ maize on 27 July, roughly 1 wk earlier than in the preceding year. Oviposition was 50% complete by 1 August in maize and by 10 August in soybean Þelds (Table 7) . Oviposition was 90% complete by 14 August in maize and by 26 August in soybean Þelds (Table 7) . This difference (12 d) in 90% oviposition levels between maize and soybean was most extreme in 2001 compared with both preceding years. This greater separation in timing of 90% oviposition levels may be caused by the earlier date at which the R2 stage of development in maize occurs.
Discussion
Our research is the Þrst to document the seasonal progression of egg laying by the variant D. v. virgifera in adjacent production Þelds of maize and soybean in eastcentral Illinois. Previous research (Rondon and Gray 2004 ) regarding oviposition by the variant D. v. virgifera was conducted in research plots that were designed to assess egg laying in different crops. By conducting this research in producersÕ Þelds, we believe our data collected over a 3-yr period represents a more realistic assessment of the dynamics of D. v. virgifera oviposition in an area of the Corn Belt characterized by the loss of crop rotation as a viable cultural tactic for the management of this insect pest.
A number of environmental and agronomic factors were reported to affect the vertical distribution of corn rootworm eggs such as soil cracking (Foster et al. 1979) , tillage Apple 1966, Pruess et al. 1968) , soil moisture (Gustin 1979) , and plant lodging (Sisson and Chiang 1964) . Most research to date regarding the oviposition of D. v. virgifera has focused on maize (Hein et al. 1988) . A number of investigators have examined the depth at which egg laying occurs. Gray and Tollefson (1988) sampled to a depth of 30 cm in maize and found 21.2, 44.5, and 34.4% of D. v. virgifera eggs were laid in the upper, middle, and bottom 10 cm of the soil, respectively. Our data revealed that variant D. v. virgifera females lay the majority (Ϸ60%) of their eggs in the top 10 cm of the soil proÞle regardless of crop type. These results, collected D. v. virgifera egg densities (eggs/liter) at the 0.0-to 10-, 10-to 20-, and 0.0-to 20-cm depth and LSD over 3 yr, are similar to that reported by Gray and Tollefson (1988) for maize. Many other investigators also have studied the oviposition of both D. v. virgifera and D. barberi in maize. Foster et al. (1979) reported that 95% of D. barberi eggs may be found in the upper 10 cm of the soil. For this reason, they concluded that sampling to a depth of 10 cm was appropriate for this species. Patel and Apple (1967) and Weiss et al. (1983) found a slightly lower percentage of D. barberi eggs near the soil surface (Ϸ90% in the top 10 cm). Chiang (1965) reported that Ϸ90% of eggs laid by D. barberi and D. v. virgifera are in the upper 15 cm of the soil. Hein et al. (1988) found that 66% of D. v. virgifera eggs were in the upper 10 cm of soil when samples were taken to a depth of 20 cm. Ball (1957) found 80% of D. v. virgifera eggs were laid in the top 15 cm of the soil, and Weiss et al. (1983) determined that 79% of D. v. virgifera eggs could be located in the upper 10 cm of the soil in furrow-irrigated maize. Again, we believe our Þndings are unique in that we report the vertical distribution of variant D. v. virgifera in commercial production soybean Þelds for the Þrst time.
None of the producersÕ Þelds in our studies were irrigated. Our research suggests that by only sampling to a depth of 10 cm for D. v. virgifera in maize or soybean, future investigators would miss as many as 40% of potential eggs that occur in the upper 20 cm of the soil proÞle. Egg laying after a drought may be considerably deeper because of the formation of soil cracks in which egg-laying females use as ovipositional sites (Foster et al. 1979) . Based on the results of our study, we hypothesize that overwintering survival of D. v. virgifera eggs may be comparable in maize and soybean Þelds based on the similarity in egg numbers for each soil depth that we sampled.
SigniÞcant numbers of D. v. virgifera eggs were found in both maize and soybean Þelds during our study near the reported epicenter (Levine et al. 2002) of the establishment of the variant D. v. virgifera. This Þnding is important because it clearly documents that D. v. virgifera egg laying continues to occur in adjacent commercial maize and soybean Þelds. It is a misconception held by some producers that egg laying by D. v. virgifera in eastcentral Illinois is far less common in maize than soybean. Although our data revealed greater densities of D. v. virgifera eggs in soybean during 1999 and 2001, signiÞcant numbers of eggs were laid in maize as well. In 2000, egg laying densities in maize and soybean were equivalent in the cooperating producersÕ Þelds (Table 4) . OÕNeal et al. (1999) found greater numbers of female D. v. virgifera females in soybean compared with maize. Laboratory studies by OÕNeal et al. (2002) showed that adult D. v. virgifera have suppressed feeding behavior on late vegetative or reproductive stages of maize, and in its presence, chose to feed on soybean foliage. The greater numbers of D. v. virgifera adults found in soybean compared with maize, as observed by OÕNeal et al. (1999) , may be caused primarily by dispersal from maize that phenology no longer makes the crop an attractive feeding site. Mabry et al. (2004) found that D. v. virgifera adults, collected from areas where crop rotation no longer affords an effective management tactic, are behaviorally less sensitive to maize-to-soybean and soybean-to-maize diet switches than beetles obtained from outside these areas. Greater tolerance of short-term dietary heterogeneity may allow some D. v. virgifera adults to stay in soybean Þelds sufÞciently long to deposit eggs. Although soybean foliage is a poor diet for D. v. virgifera adults (Spencer et al. 1998 ), the D. v. virgifera variant is able to lay eggs in soybeans, as well crops other than maize (Levine 1995 , Levine and Oloumi-Sadeghi 1996 , Sammons et al. 1997 , Rondon and Gray 2004 . Branson and Krysan (1981) suggested that D. v. virgifera females lay eggs wherever they happen to be feeding.
Results from our experiment indicated that oviposition was Ϸ10% complete by 17, 14, and 21 July in maize and by 19, 20, and 25 July in soybean from 1999 through 2001, respectively (Table 6 ). These Þndings indicated that oviposition in each year was slightly earlier in maize. According to the laboratory results of OÕNeal et al. (2002) , the maturation of maize may be at least partially responsible for the dispersal from maize to soybean. This dispersal may become very apparent as maize moves beyond the R2 stage of development. By taking weekly egg samples throughout the season in producersÕ maize and soybean Þelds, we were able to quantify cumulative oviposition levels in both crops and evaluate the potential importance of maize phenology with respect to egg densities in each crop over time.
The R2 stage of development in maize occurred in growersÕ Þelds on 10 August, 3 August, and 27 July from 1999 through 2001, respectively. Oviposition was 50% complete by 28 July, 28 July, and 1 August in maize and by 31 July, 30 July, and 10 August in soybean Þelds from 1999 through 2001, respectively. Cumulative oviposition at the 50% level was similar in maize and soybean in 1999 and 2000. However, in 2001, 50% cumulative oviposition was delayed by 9 d in soybean as compared with maize. The R2 stage of maize development occurred earlier in 2001 (27 July), nearly Oviposition was Ϸ90% complete by 9, 17, and 14 August in maize and by 15, 12, and 26 August in soybean Þelds from 1999 through 2001, respectively. In 1999, a slight delay (6 d) in the egg laying activities of D. v. virgifera at the 90% cumulative oviposition level occurred in soybean compared with maize. The following year, the 90% cumulative oviposition level was reached in soybean 5 d before maize. In the Þnal season, cumulative oviposition at the 90% level was reached 2 wk later in soybean compared with maize. Again, in 2001, the R2 stage of development occurred on 27 July, nearly 2 wk earlier than in 1999. These data seem to substantiate the importance of maize phenology in the ovipositional patterns of variant D. v. virgifera in maize and soybean Þelds.
Growers in Illinois continue to express interest in the use of adult control strategies to prevent economic losses caused by variant D. v. virgifera in rotated maize Þelds (Michael E. Gray and Kevin L. Steffey, personal communication) by using broadcast insecticide treatments in soybean Þelds to reduce egg laying and potentially eliminate the need for a soil insecticide in Þrst-year maize. Our research indicates that because of the protracted egg-laying period in soybean, the potential need for multiple insecticide treatments exists. Multiple broadcast treatments would likely not be cost effective, have potential unwanted effects on beneÞcial insects, and some producers would possibly still elect to use a soil insecticide on rotated maize the following spring because of lingering concerns over the efÞcacy of the treatments to suppress egg laying by adult D. v. virgifera in soybean Þelds.
